The goal of this paper is to compare the performance of the linear minimum mean square error (MMSE) detector for a class of code division multiple access (CDMA) systems in time and frequency selective channels. Specifically, we consider direct sequence (DS)-CDMA, multicarrier (MC)-CDMA, and the MC-DS-CDMA systems. Two key tools are used in our development. First, a general time-frequency framework that includes the different CDMA systems as special cases. Second, the duality between time and frequency domains that is used to derive equivalences between the different CDMA systems operating over purely frequency selective and purely time selective channels. We then combine the insights obtained from these special cases to assess the performance of CDMA systems over time and frequency selective channels. We provide sufficient conditions for the codes employed by the CDMA systems for the equivalences to hold. Numerical results are presented to illustrate the results.
INTRODUCTION
CDMA has emerged as a promising wireless technology for meeting the physical layer challenges of modern communication networks. This is due to the multiple access capability of CDMA systems as well as their robustness against fading. Many signaling schemes have been proposed for CDMA systems. Three important CDMA systems are DS-CDMA, MC-CDMA, and the hybrid MC-DS-CDMA. The key to understanding and relating these systems is how these signaling schemes interact with the channel.
Denote the symbol duration with T and its essential twosided bandwidth with B. The time-bandwidth product is denoted by N ≈ TB which is also the dimension of the signal space. A CDMA system with such time-bandwidth product can support up to N users by employing signature codes of length N. In general, the signature code is transmitted over a set of basis waveforms, each of which has a duration T o and essential two-sided bandwidth The effect of the channel on the three CDMA systems is determined by two factors: channel selectivity and channel dispersion. The channel is frequency (time) selective if the transmitted signal exhibits different fading coefficients across q k [3] q k [2] q k [1] (see Figure 2d ). . If the channel is nondispersive for a particular signaling scheme, we say that this scheme diagonalizes the channel-that is, the basis functions serve as eigenfunctions of the channel such that when they are transmitted through the channel they do not interfere (this will be elaborated later). In this paper, we consider purely FS channels, purely TS channels, and general TFS channels. The basis functions in different CDMA signaling schemes serve as eigenfunctions for certain types of channels. The DS-CDMA basis waveforms are the eigenfunctions of TS channels. On the other hand, the MC-CDMA basis waveforms are the eigenfunctions of FS channels. For proper choice of T o and B o , the MC-DS-CDMA basis waveforms diagonalize TFS channels [7, 8] . The performance of these signaling schemes for single-user scenario has been analyzed in several papers (see, e.g., [2] and the references therein). However, a unified treatment of the performance of these systems in multiuser scenarios and for different types of channels is lacking.
In this paper, we compare the performance of the above three systems in the context of multiuser detection in the uplink case. The comparison is based on linear MMSE receivers. We show that, for certain channel conditions, the different systems can perform in a near identical fashion via appropriate choice of signature codes. To develop these results, we first introduce a general framework that includes the three CDMA systems as special cases. Furthermore, we use the notion of duality between time and frequency domains to develop equivalences between the different systems that allow us to relate their performance under different channel conditions.
Section 2 introduces the notations used in this paper as well as the channel model considered. In Section 3, we discuss CDMA systems in TFS channel as well as the effect of channel selectivity on the received signal. In Section 4, we lay the foundation for the analysis in the following sections by discussing the duality between time and frequency domains. In Section 5, we derive expressions for signal-to-interferenceand-noise ratio (SINR) 2 and probability of error (P e ) for the different system receivers which are used to derive sufficient conditions for the different systems to perform equivalently in FS, TS, and TFS channels. In Section 6, we illustrate our results through some numerical examples. Concluding remarks are provided in Section 7.
PRELIMINARIES
This section introduces the notation adopted throughout as well as the channel model under consideration.
Notation
Boldface lower case letters are used to denote (column) vectors and boldface upper case letters are used to denote matrices. The following conventions are used throughout the paper:
x denotes the largest integer smaller than x; x denotes the smallest integer larger than x; x T is the transpose of vector x; x H is the conjugate transpose of vector x; 2 The SINR is defined to be the ratio of the energy in the desired signal to the energy in noise plus interference in the received decision statistics.
x(l) is an l-shifted version of the vector x, that is, 
Channel model
We assume that all users have identical channel statistics; however, different users encounter independent channel realizations. We adopt the wide sense stationary uncorrelated scattering (WSSUS) channel model [1, 9] which is characterized by a randomly time-varying impulse response c k (t, τ) for user k. For fixed τ, c k (t, τ) is a complex WSS Gaussian process in t. The process for different values of τ is uncorrelated (independent). The time-varying transfer function of the channel isc
Under the WSSUS assumption,c k (t, f ) is a WSS process in both t and f . The statistics ofc k (t, f ) are characterized by the spaced-time, spaced-frequency correlation function defined as
and is assumed the same for all users. Under the assumption that the spacedtime correlation function φ ∆t (∆t
is fixed for every path (i.e., independent of τ or equivalently independent of f ), φ(∆t, ∆ f ) becomes separable [10] , that is,
where
is the spacedfrequency correlation function which is independent of time.
The duration over which the channel is strongly correlated is called the coherence time, ∆t c . Define the Doppler power spectrum function to be
The 
CDMA SYSTEMS
In this section, we briefly describe the DS-CDMA, MC-CDMA, and the MC-DS-CDMA systems in a general TFS channel (the different systems in FS and TS channels are special cases) under the assumption of synchronous reception for simplicity of exposition.
DS-CDMA system
In a DS-CDMA system, the prototype basis waveform is the chip waveform υ Tc (t) = 1/ T c , 0 ≤ t ≤ T c (assumed rectangular for simplicity) which has a duration T c = T o = T/N and a bandwidth B o = B = 1/T c . Each user is assigned a signature waveform that is generated from time shifts of the prototype basis waveform as
where {u p (t) = υ Tc (t − pT c ), p = 0, 1, . . . , N − 1} are the set of basis functions used in transmission and the length N signature code of user k {q k [p]} serves as the expansion coefficients. The transmitted signal for user k can be written as
where b k,i is the ith bit corresponding to user k. We assume that T T m and B B d so that the intersymbol interference (ISI) is negligible and a one shot detector suffices. Hence, without loss of generality, we focus on the detection of b 1,0 (0th bit for user 1) and drop the index 0 for simplicity. Now we derive the form for the sampled received signal for a TFS channel (the FS and TS channels are special cases). A DS-CDMA system over a TFS channel is dispersive in time (B o = B > ∆ f c ) but typically nondispersive in frequency since T o < ∆t c (see Figures 2a and 2d ). The noise-free received signal for user k in TFS channel can be written as
is the channel coefficient corresponding to the lth path and pth chip of the kth user. In (7), the kth user-transmitted power is absorbed in h k [p, l] , a convention that is used throughout the paper. The time dispersion (multipath) is clear in (7) since the information transmitted over a particular chip is dispersed into the adjacent chips. The overall multiuser received signal is
where v(t) is complex additive white Gaussian noise (AWGN) with power spectral density σ 2 . Front-end processing at the receiver corresponds to projecting onto the basis waveforms. Assuming the receiver to be synchronized to the first path (l = 0) in (7), projecting over u p (t), we get 
T and has a dimension N × 1, 3 v is zero mean N-dimensional Gaussian noise vector with covariance matrix σ 2 I N , and g k = Q k h k . Note that, in (11) and (7) due to time selectivity, the channel varies over the symbol duration-for a given path l, the different chips may encounter different fading coefficients. For FS channels (no time selectivity
. Now, we can rewrite (11) replacing Q k (l) by q k (l) in the definition of Q k , and h k,l with h k [0, l] in the definition of h k . Notice that, in this case, Q k is Toeplitz due to multipath dispersion. On the other hand, for TS channels (no frequency selectivity,
Hence, Q k reduces to Q k (0) and h k reduces to h k,0 . The diagonal structure of the system is evident in this case form (11). 4 
MC-CDMA system
In an MC-CDMA system, the prototype basis waveform is the complex exponential υ T (t)e j(2π(1/2)/T) which has a duration T o = T and bandwidth B o = B/N = 1/T. Each user is assigned a signature waveform that is generated from frequency shifts of the prototype basis waveform as
are the set of basis functions used in transmission andq k [n] is the nth entry of the kth user signature code. The transmitted signal for user k is
Comparing Figures 2b and 2d, we can see that the typically MC-CDMA system is frequency dispersive over a TFS channel since T o = T > ∆t c but nondispersive in time since B o < ∆ f c . Using the model in [12] , the noise-free received signal for user k in a TFS channel can be written as
The frequency dispersion is clear in (15) since the information transmitted over a particular subcarrier is dispersed into the adjacent 2M subcarriers due to Doppler dispersion. In (15),
is the channel coefficient corresponding to the nth subcarrier and mth Doppler shift of the kth user, andC (2) . The overall received signal for all users is
4 Recall that a DS-CDMA system diagonalizes TS channels.
Projecting overũ n (t), we get
The sampled received vector can be written as
T and has a dimension N(2M + 1) × 1,
T and has a dimension
Note that, in (19) due to frequency selectivity for a given Doppler shift m, fading coefficients change over different subcarriers. In FS channels (no time selectivity, T o = T < ∆t c ), M = 0. Hence, in this case,Q k reduces toQ k (0) andh k reduces toh k,0 . The diagonal structure of the system is evident in this case. 5 On the other hand, in TS channel (no frequency selectivity,
Parallel to the argument in Section 3.1, in this case,
thatQ k becomes Toeplitz (due to Doppler dispersion).
MC-DS-CDMA system
In an MC-DS-CDMA system, the prototype basis waveform is υ To (t)e j(2π(1/2)/To) which has a duration T o = T/N t and bandwidth B o = B/N f . Each user is assigned a signature waveform that is generated from time-frequency shifts of the prototype basis waveform aŝ
} are the set of basis functions used in transmission andq k [p, n] is the (p, n)th entry of the kth user's spreading code transmitted overû p,n (t). The transmitted signal for user k can be written asŝ 5 Recall that MC-CDMA system diagonalizes FS channels. 
Comparing Figures 2c and 2d , depending on the choice of N t and N f , the effect of the channel can be categorized into four cases that are summarized in Table 1 .
Case 1
In this case, the channel affects each time-frequency basis function in an FS fashion-that is, there is dispersion in time but not in frequency. The noise-free received signal for user k isx
where L o = T m B o and analogous to (8) ,
The overall received signal for all users iŝ
The projection onû p,n (t) iŝ
and the sampled received vector iŝ
wherê
and has a dimension N × N(L o + 1),
and has a dimension
and has a dimension N t × N t ,
and has a dimension N t × 1, and
The superscript f stands for frequency domain sinceq
corresponds to part of the signature code corresponding to all time shifts of the nth frequency (nth row in Figure 2c ). Note that the DS-CDMA system in TFS channels is a special case of this system when N f = 1 (hence, N t = N and L o = L).
Case 2
In this case, the channel affects each time-frequency basis function in a TS fashion-that is, there is dispersion in frequency but not in time. The noise-free received signal iŝ
In this case,r[p, n] becomeŝ
and the received vector iŝ
and has a dimension N × N(2M o + 1),
and has a dimension N f × N f ,
and has a dimension N(2M o + 1) × 1,
and has a dimension N f × 1, and
The superscript t stands for time domain sinceq
k,p corresponds to all frequency shifts of the pth time shift (pth column in Figure 2c ).
Note that MC-CDMA system over TFS channel is a special case of this system when N t = 1 (hence, N f = N and M o = M).
Case 3
In this case, the channel affects each time-frequency basis function in a nonselective fashion in both time and frequency domains. That is, the effective channel matrix is diagonal in this case. This interesting signaling scheme is discussed in details in [7, 12] , and we call it a TF-CDMA system. It was shown that the conditions on N f and N t necessary for this case to hold can be met for underspread channels, that is, T m B d 1 [13] . T o B o = 1 which is the condition for underspread channels. The noise-free received signal in this case is given by [7] 
The approximation in (49) 
from which the diagonal nature of the system is evident. The received vector is given by (27) with the following definitions:
The sampled received vector can be also written as (39) with the following definitions:
The MC-CDMA system over an FS channel is a special case of this system when N t = 1 (hence N f = N) and B d = 0.
Time domain Frequency domain

Time nonselective channel
Frequency selective channel Also, the DS-CDMA system over a TS channel is a special case of this system when N f = 1 (hence N t = N) and T m = 0.
Case 4
In this case, the channel affects each basis function in a TFS fashion-that is, there is dispersion in time and in frequency. 
Some remarks on special cases
Cases 1, 2, 3, and 4 discuss MC-DS-CDMA system behavior over TFS channels. The MC-DS-CDMA system in an FS (TS) channel experiences Case 1 (Case 2) since the channel is FS (TS) per basis waveform (so that the basis functions encounter multipath (Doppler) dispersion), and Case 3 where the channel is nonselective per basis waveform. The system cannot experience Case 2 (Case 1) in an FS (TS) channel due to the absence of time (frequency) selectivity. In the sequel, whenever we address the MC-DS-CDMA system over an FS (TS) channel, we only consider Cases 1 and 3 (2 and 3). The following special cases hold.
(1) Case 1 in the MC-DS-CDMA system over an FS channel is a special case of that in Section 3.3.1 since B d = 0, and thus, T ∆t c (as opposed to the less stringent condition T o ∆t c in Section 3.3.1). In this case, 
(3) Case 3 in the MC-DS-CDMA system in an FS channel is a special case of that in Section 3.3.3 when
(4) Case 3 in the MC-DS-CDMA system in a TS channel is a special case of that in Section 3.3.3 when
TIME-FREQUENCY DUALITY
As shown in Section 3 (and illustrated in Figure 3 ), in an FS channel, each basis function in a DS-CDMA system encounters FS fading since B o > ∆ f c . Consequently, the transmitted signal encounters multipath dispersion and a RAKE receiver is needed for multipath combining. To avoid multipath dispersion, the MC-CDMA system uses basis waveforms that
Time domain Frequency domain
Time selective channel Frequency nonselective channel are narrowband subcarriers with B o ∆ f c . Hence, each basis function encounters nonselective fading and the resultant channel matrix is diagonal. The diversity due to frequency selectivity is exploited via L+1 multipath in DS-CDMA system and via L + 1 subcarriers separated by ∆ f c in the MC-CDMA system. The diversity order in both systems is L + 1, which is equal to the rank of the channel matrix for both systems, that is, rank(R hk,hk ) = rank(Rh k ,hk ) = L + 1.
The behavior of the two systems in TS channels is completely analogous to that discussed above for FS channels except for interchanging time and frequency domains and DS-CDMA and MC-CDMA systems. Specifically, in a DS-CDMA system in a TS channel, the channel matrix is diagonal as long as T o ∆t c -each basis function (chip) encounters nonselective fading. On the other hand, each MC-CDMA system basis function suffers TS fading since T o = T > ∆t c . This is manifested as multiple Doppler components, as illustrated in Figure 4 , analogous to multipath components in a DS-CDMA system in an FS channel. Consequently, the MC-CDMA system over a TS channel requires a frequency domain RAKE receiver to do multiple Doppler combining. The order of diversity in both systems is the same and is equal to 2M + 1-the channel covariance matrix for both systems has a rank of 2M + 1. This duality between MC-CDMA and DS-CDMA as well as between TS and FS channels, will be used in Section 5 to derive equivalences between different systems.
Using the previous discussion, we can deduce intuitive insights about diagonalizing the TFS channel in Section 3.3.3. We define the notion of block fading (BF) for an MC-CDMA system in an FS channel and a DS-CDMA system in a TS channel. For an MC-CDMA system, if the whole bandwidth is divided into N f subbands, where N f is chosen sufficiently larger than L + 1, then under BF assumption, the N t subcarriers in the same subband (corresponding to ∆ f c ) encounter identical fading coefficients. 6 More precisely, if the set of indices of subcarriers in the ith coherence subband is Ω
A similar definition holds for a DS-CDMA system in a TS channel. If the whole symbol duration is divided into N t time slots, where N t is chosen sufficiently larger than 2M + 1, then, under BF assumption, the N f chips in the same time slot (corresponding to ∆t c ) encounter identical fading coefficients. 7 That is, if the set of indices of chips in the ith coherence time slot is Ω (t)
i . Now, consider an MC-CDMA system in a TFS channel. Divide the bandwidth into N f coherence subbands such that BF holds for the N t subcarriers per subband. Now, per subband, the channel is frequency nonselective but may be TS. That is, each subband resembles a TS channel and multiple Doppler components are generated. Hence, to diagonalize the system (analogous to DS-CDMA system over a TS channel), we need to choose basis waveforms that are narrower in time so that each encounters nonselective fading. This is precisely the case with the basis waveforms of the TF-CDMA system in Section 3.3.3. Compared to an MC-CDMA system, the symbol duration is decreased by a factor of N t , that is, T o = T/N t and, consequently, the bandwidth increases N t times to B o = BN t /N = B/N f . Since B o equals the subband bandwidth, flat fading in the frequency domain is still preserved. A dual way of looking at the TF-CDMA system in Section 3.3.3 is via a DS-CDMA systems in a TFS channel. In this case, T is divided into well-chosen N t slots such that BF holds in time. Per time slot, the N f time samples encounter FS but time nonselective fading. To diagonalize the system, we need to decrease the bandwidth of each basis waveform by a factor of N f and increase the time duration by the same factor to achieve nonselective fading. This idea is illustrated in Figures 5 and 6 .
EQUIVALENCES
In this section, we derive the sufficient conditions for the CDMA systems in Section 3 to be equivalent. We say that two systems are equivalent if both attain the same SINR for any given set of channel realizations for all users. We can easily deduce that, if two systems are equivalent, then both also attain the same P e . Before introducing the equivalence results, we derive the linear MMSE detector, the expression for SINR, and P e .
We can note from (12), (20), and (28) that the sampled received vector for a given system x is
where g
is a matrix that is a function of the kth user signature code for system x, h (x) is the corresponding channel coefficient vector, i x is the MAI vector affecting the desired signal component, v x is the noise vector, and x is the noise plus interference vector. The linear MMSE detector for user 1 takes the formb 1 
The solution is the well-known Wiener filter
1 .
The SINR can be written as [14] 
There is no closed form expression for the receiver P e in the presence of MAI.
However, parallel to the discussion in [15] , we note that, for sufficiently large N, the Gaussian approximation of the interference at the output of the MMSE is fairly accurate. In this case, the conditional P e given h
To find the average P e , we need to average (59) over the distribution of h
K . However, under the assumption of treating the MAI term at the output of the MMSE detector as Gaussian noise, we only need to average (59) over h 1 is a complex Gaussian vector, the average P (x) e over the distribution of g
. For the numerical results in Section 6, we adopt this Gaussian approximation and use the SINR and P e expressions in (58) and (60), respectively.
Recalling that two systems are equivalent if both attain the same SINR, from the expression in (58), we note that a sufficient condition for systems x and y to be equivalent is to have
where (12), (20), and (28) or (40), we note that we can always write g
where the multiplication order in the first equality is flipped in the second one using the appropriate
k . Now, (61) becomes
If q
k , then condition (63) for equivalence becomes
Note that H (x) and H (y) have identical statistics since F is unitary. In Sections 5.1, 5.2, and 5.3, we implicitly solve the following problem. Given q codes. We start by finding sufficient conditions for equivalences in an FS channel. Using the duality relations described in Section 4, in conjunction with necessary additional proofs, we show the equivalence conditions for the TS and TFS channels in Sections 5.2 and 5.3, respectively.
Equivalences in an FS channel
We first recall from Section 3.3.5 that, in an FS channel, the MC-DS-CDMA system only exhibits Cases 1 and 3. In Proposition 1, we state the sufficient conditions for a DS-CDMA system to be equivalent to an MC-CDMA system. In Proposition 2, we state the equivalence conditions for an MC-CDMA system and an MC-DS-CDMA system. The equivalence conditions for a DS-CDMA system and an MC-DS-CDMA system will then follow.
Proposition 1. DS-CDMA system is equivalent to an MC-CDMA system in an FS channel if the following condition is satisfied:q
Proof. Recall that Q k and h k are the signature code matrix and channel vector for the DS-CDMA system andQ k andh k are the corresponding quantities in the MC-CDMA system. As discussed in Section 3.1, Q k is a Toeplitz matrix in an FS channel. In Appendix A, we show that 
Single path in the time domain 
whereQ k = Q k X for any appropriately sized arbitrary matrix X. We note that, in general, L N so that Q k can be approximated with a circulant matrix. We can then choose X so thatQ k is circulant and multiply g k by D N to get (16) and (49), respectively, where δ(·) is the Dirac delta function. Now, starting from (53), using (75) and (76), and parallel to the first part of this proof, we can easily prove (74) for a Case 3 MC-DS-CDMA system.
We note that Case 3 MC-DS-CDMA system is equivalent to an MC-CDMA system over an FS channel for anȳ
where F Nt is any N t × N t unitary transformation. An easy way to recognize this fact is to consider (64). In this case, the channel matrices for Case 3 MC-DS-CDMA system and MC-CDMA system arê
respectively. It is then clear thatĤ k =F H NtHkFNt for anyF Nt . An interesting special case ofF Nt is I N , that is, the MC-DS-CDMA and the MC-CDMA systems are also equivalent if
The results obtained in this section are summarized in Table 2 . Note that the third column in Table 2 is obtained by combining the results in the first two columns.
Equivalences in a TS channel
Building on the intuition in Section 4, a similar set of results analogous to those in Section 5.1 can be obtained for a TS channel. We recall from Section 3.3.5 that, in a TS channel, the MC-DS-CDMA system exhibits only Cases 2 and 3. In this case, Proposition 1 in Section 5.1 still holds for a TS channel. Parallel to Proposition 2, Proposition 3 shows the equivalence conditions for a DS-CDMA system and an MC-DS-CDMA system over a TS channel. The conditions for an MC-CDMA system to be equivalent to an MC-DS-CDMA system then follow. 
Proposition 3. The MC-DS-CDMA system in Cases 2 and 3 is equivalent to a DS-CDMA system provided that the following condition is satisfied:
whereD N f is defined asD Nt in (69) with N t replaced by N f ,
The proofs of Proposition 1 for a TS channel and Proposition 3 are analogous to the proofs of Proposition 1 for an FS channel and Proposition 2 in Section 5.1, respectively, under the following substitutions: MC-CDMA → DS-CDMA, MC-DS-CDMA Case 1 → MC-DS-CDMA Case 2, Table 3 summarizes the equivalence results in a TS channel. Again, the third column in the table is obtained by combining the results in columns one and two.
There is a subtle point that needs to be explained when proofs analogous to those in Section 5.1 are derived in the case of TS channel. In an FS channel, l only takes positive values and the one-sided DFT operation was used in the obtained results. In a TS channel, as stated above, l maps to m which takes symmetric values around 0 as seen in (16) and (37). Now, using a single-sided DFT operation, as done in the proofs in Section 5.1, will imply a phase shift. We can easily show that the equations analogous to (66) and (72) are
respectively, where
We note that the presence of phase shift does not change the equivalence conditions since it does not affect the SINR value and the eigenvalues of g
1 that governs P e . Starting from this point, the phase shift will thus be ignored in the analysis.
Equivalences in a TFS channel
In this section, we prove the equivalence conditions for the general case of a TFS channel. In TFS channel, the MC-DS-CDMA system has the three cases described in Section 3.3. In this case, Propositions 1, 2, and 3 still hold as shown in the sequel.
Proof of Proposition 1
Before proving Proposition 1 for TFS channel, we first introduce the following lemma.
where C k (θ, τ) = c k (t, τ)e − j2πθt dt.
Proof. See Appendix B. Now, recalling (11) and (12), we write g k as 
where in (85) we used Lemma 1, in (86) (recall that Q k (l) in (11) is diagonal) we replaced Q k (l)e m,N (l) by q k (l) e m,N (l), and in (87)
(recall thatQ k,m is Toeplitz) and still remain in an MC-DS-CDMA system. Again, the performance of the three systems is virtually identical.
CONCLUSION
In this paper, we have studied linear MMSE multiuser detection for a class of CDMA systems in FS, TS, and TFS channels. We discussed a time-frequency duality between various systems operating over TFS channels. The time-frequency duality exposes the channel conditions under which different systems are ideal (diagonalize the channel matrix) DS-CDMA systems are ideal in TS channels, MC-CDMA in FS channels, and MC-DS-CDMA (TF-CDMA) in TFS channels. We use this duality to develop equivalences between systems operating over a TFS channel and systems operating either over FS or TS channels. Building on the time-frequency duality and the equivalences, we derive sufficient conditions relating the signature codes of the different systems for them to perform in a near-identical fashion in FS, TS, and TFS channels. Numerical results are provided to support the analysis. The results of this paper relating the various systems in different channel conditions enable cross-leveraging of design insights for the widely used DS-CDMA, MC-CDMA, and MC-DS-CDMA systems.
APPENDICES
A. PROOF OF (66)
Recall from (16) 
